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The method of degree of inversion calculation presented in the present paper was based on the deter-
mination of several temperature-dependent parameters such as: oxygen positional parameter, lattice
parameter, cation site occupancies, and a cation—anion distance in tetrahedral and octahedral sites.
The theoretical basis of the method as well as the required derivation of formulae and the conditions
of its application has been described.

The values of the measured temperature-dependent parameters were used to calculate the degree
of inversion vs. temperature in the spinel structure. Initial temperatures of the order—disorder transfor-
mation were determined. The described method of investigating the order—disorder phase transforma-
tion based on three examples of spinel solid solutions: Mg(Alg sFeg 5)2,04, (Mgg.75Nig »5)Al,Oy4, and
(Mg.75C00 25)A1,04 has been presented. Investigations by means of the high-temperature X-ray dif-
fraction method at temperatures ranging from 25 to 1100 °C were carried out. It has been shown that
using the present method, it is possible to determine the distribution of each cation in tetrahedral and
octahedral sites at each temperature. In consequence, the unidirectional order—disorder phase transfor-
mation as well the bidirectional transformation in the spinel structure can be investigated. The
advantages and disadvantages of the method have been discussed and its uncertainties presented.
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I. INTRODUCTION

Spinels comprise a wide range of materials characterized
by useful properties from the technological point of view.
They are widely used in various branches of industry: refrac-
tory materials, electro-technical ceramics, electronics, abra-
sive materials, plastics, nuclear power industry, chemical
industry, jewellery, and many others.

The spinel structure is based upon a cubic closed-packed
structure of oxygen and cations distributed in tetrahedral and oc-
tahedral sites, Fd3m space group. In normal two cation spinels
2:3 type AB,O, 8—A>" cations are distributed in 8/64 tetrahedral
sites and 16—B>* cations are distributed in 16/32 octahedral
sites. In the inverse spinel structure, 8/64 tetrahedral sites are oc-
cupied by 8—B>* cations and 16/32 octahedral sites are occupied
by both 8—A>* and 8—B>" cations. In practice, greater number
of spinels have mixed type of structure in which cations A**
and B> can occupy both sites partially (A;_,,B)(A,B>_,)04.
In three cation solid solution spinels an additional C** or C** cat-
ion may be located in one or both tetra and octahedral sites.
Despite their deceptively simple structure, spinels exhibit disor-
dering phenomena, which have serious consequences for their
thermochemical and physical properties.

For example, cation sublattice ordering in spinel catalysts and
catalyst carriers plays a key role and directly translates into the cal-
alytic properties of a material surface. It is similar in the case of
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spinel electrotechnical ceramics, where the distribution of cations
in particular sites in a crystalline lattice influences their mutual im-
pact and directly translates into the material’s magnetic properties.
Working out an effective method to investigate cation sublattice
ordering in spinels is becoming an important stage of research
on these materials, which enables obtaining the highest possible
amount of detailed information about spinel crystalline structure
during the order—disorder transformation, so that the obtained in-
formation can be related to the observed changes in the examined
material’s properties. A certain limitation of the method presented
in this work is the fact that it can only be used for investigating
two- and three-cation spinels, but in most cases such spinels are
used in many areas of technology and science.

The aim of this paper is to present the X-ray diffraction
(XRD) method of investigating the order—disorder phase
transformation in three-cation spinel solid solutions.

Il. EXPERIMENTAL
A. Spinels synthesis

Synthesis of stoichiometric spinel samples was based on
the method of precursor precipitation from sulphate water so-
Iutions according to the following chemical reaction:

R**2(S0y); - nH,O 4 R*"SO4 - 7TH,0 + 4(NH,4),COs5
—> MngO4 . I’leO + 4(NH4)ZSO4 + 4C02 + l’leO

where R** stands for Al or Fe and R** stands for Mg, Co or Ni.

© 2015 JCPDS-ICDD S104
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The so-obtained precursors were subjected to calcinations
at a temperature of 1200 °C. Next, they were formed into pel-
lets and fired: (Mg0_85C00_15)A1204 and (Mg0.85NiO']5)A1204
at 1650 °C and Mg(AlsFey5),04 at 1450 °C. This method
was successfully used in previous works concerning the be-
haviour of spinels at high temperatures (Podwoérny et al.,
2004, 2008; Podwdrny, 2013).

A PANalytical XPERT PRO MPD X-ray diffractometer,
equipped with an X-ray tube with Cu anode, an X’Celerator
RTMS detector and a high-temperature chamber — Anton Paar
HTK 2000 were used in the investigations. The investigations
were carried out within an angular range of 16140 °20 and at
temperatures ranging from 25 to 1100 °C, with a variable step de-
pendent on inversion temperature. The FullProf_Suite software
package was applied to determine the oxygen positional parame-
ter u(T), the lattice parameter a(T"), and the cation site occupan-
cies Occ(T) in each temperature by the Rietveld method. The
cation—anion distances in tetrahedral 7O(T') and octahedral MO
(T') coordination in each temperature were calculated by means
of Bond_Str program, belonging to the same FullProf Suite
package (Rodriguez-Carvajal, 1993; Rodriguez-Carvajal and
Roisnel, 1998; Roisnel and Rodriguez-Carvajal, 2001).

The results obtained in this way were used to calculate the
degree of inversion in the structure of investigated spinels,
using the approach presented below.

B. Theoretical background of the method

Determining the degree of inversion X in a three-cation
spinel solid solution defined as the fraction of three-valent cat-
ions on the tetrahedral site requires a combination of two an-
alytical approaches: calculation of changes of diffraction lines
intensity because of changes in fractional site occupancies by
cations with different atomic scattering factors f; and determi-
nation of linear relationship of cation—anion distances in tetra-
hedral 7O and octahedral MO coordination depending on the
average cation concentration in those sites c¢;,4, C;34. This
method of investigating the cation sub-lattice ordering in the
structure of a three-cation spinel can be applied if two require-
ments are fulfilled:

1. At least one cation “C” differs considerably from the other
two in terms of its atomic scattering factor:

fa=fs # fc

The concentration of cations C in tetrahedral ¢; 7 and oc-
tahedral c;,, sites is determined from the fractional site
occupation number Occ;y, Occ;y by Rietveld refine-
ment routine. The concentrations of the remaining two
cations A and B c¢;7 and c;,, are calculated from the
cation—anion distances in tetra-70O and octahedral MO
sites.

2. Cations A and B with comparable atomic scattering factors
differ considerably in their ionic radii.

The cation—anion distances in tetrahedron 70 and octahe-
dron MO in the spinel structure vary from the linear contribu-
tion of each chemical species (O’Neill and Navrotsky, 1983;
Della Giusta et al., 1996):

TO = Z cirtiro MO = Zci,MVi,MO (D
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The definition equation [Eq. (1)] can by written as (Carbonin
et al., 2002):

TO = TOy + ATO(Ax) or MO = MOy + AMO(Ax)  (2)

where TO and MO are the total cation—anion distance mea-
sured in tetrahedral and octahedral coordinations, dependent
on the temperature 7 and occupancy x,
TO7 and MO7 are parts of the distance related to thermal
expansion:
TOr = TOy(1 + aAT) or MOt = MOy(1 + aAT) (3)
TOq and MOy, are the initial values of TO and MO,

a is the thermal expansion coefficient determined from the
lattice parameters

Aa
o =
aoAT

“

ATO(Ax) and AMO(Ax) are parts of the distance related to a
change in the occupancy of tetra- and octahedral sites,
respectively.

Next, two systems of equations are built for tetra- and
octahedral sites:

TOy = carraro + cprrero + ccrrero ()
car+cepr+cer=1 (5a)

MOy = camramo + camramo + ccmremo (6)
cam+cgu+coy =2 (6a)

where ca 1, cg.1, ccrand ca s, Cp g, and cc py: concentration of
cations A, B, C in tetrahedral 7 and octahedral M sites,
respectively

Ya,To, 'B,TO> Y'C,TO> and aA,m0> YB.MO> YC.MO* pubhshed cat-
ion—anion distances of cations A, B, C in tetrahedral T and oc-
tahedral M sites, respectively.

The solution to Egs (5) and (6) allow finding the values of
X, (initial temperature value of the degree of inversion):

TOy — raro + ccr(raro — rc1o)
CBT = > (7)
rpro — FA,TO

Xo = cpr(f A and C are 2+, B 3+) (Ta)

2MOqy — 2ramo + ccm(ramo — remo)
CBM = s 3
rBMO — FAMO

X() = 2 — CB,M (861)

Refinement routine requires using of chemical constraints
to avoid unstable calculations and under or overestimation of
fractional site occupancies. During refinement only changes of
fractional site occupancies between tetra- and octahedral sites
were allowed. The sum of particular cation concentration in
spinel structure according to its stoichiometric composition
should be fixed.
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C. Examples of equation solutions that enable finding
inversion degree X for different spinels

A change of the degree of inversion Ax is found by devel-
oping the definition Eq. (1), taking into consideration the di-
rection of transformation, “—" for a cation vacating a
particular site, “+” for a cation occupying a particular site,
for example.

For spinel Mggg5Cog.15A1,0,4 with a normal structure
(Co®* have tetrahedral preferences):

ATO(Ax) — Acer(raro — rc10)

AX = ACB,T = (9)
¥B 10 — YA,TO
X(T) == X() + ACB,T (961)
AX = Acgy = 2AMO(AX) + Aceu(ramo = remo) (10)
ra,mMo — ¥BMO
X(T) = Xo + Acpy (10a)

For spinel Mg gs5Nig 15A1,04 with a mixed structure (Ni**
have octahedral preferences):

AX = Acpy — ATO(Ax) + Accr(raro — rero) an
’ YBTO — TA,TO

X(T) = Xo + Acpr (11a)
AX _ ACB!M _ 2AM0(Ax)r:A/IAOCiAj‘;r:/;240 — rC,MO) (12)
X(T) = Xo + Acpy (12a)

Very interesting cases are solid solutions of normal and
inverse spinels with two 3+ cations, which include Mg
(Feg 5Alg 5),04. The specific character of such spinels lies in
the fact that 3+ cations, which by definition determine the de-
gree of inversion, have opposite preferences with regard to the
occupancy of spinel crystalline lattice sites and opposite direc-
tions of moving after the transformation has been initiated. In
such cases the systems of equations can have a few solutions,
and the choice of a particular one should be based on addition-
al knowledge about the investigated spinel or on calculations
carried out for all possible combinations of equations, while
checking which of them ensures a coherent solution for all
the equation components. From a purely mathematical point
of view, the equations can have six solutions, two of which
can most frequently be eliminated owing to the mutual direc-
tion of cation movement. The multitude of possible equations
is influenced by the difference of Acg;, and Accs., determin-
ing the direction of Acy,, cations’ movement. Possible cases
have been presented in Table I, where the direction of a partic-
ular cation’s movement into the tetrahedral coordination site
has been marked with “+”, and the direction of a cation’s
movement into the octahedral coordination site has been
marked with “—". Such a case includes Mg(Feg sAlg 5)>04
spinel, in which Mg®* and Fe** cations have preferences for
occupying the sites in tetrahedral coordination 7. AI** cations
have preferences for occupying the sites in octahedral coordi-
nation M. It has been assumed that Mg*" is cation A, AI** is
cation B, Fe* is cation C, the contents of which in particular
sites are determined by the Rietveld method, from fractional
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TABLE I. Rules for choosing the “+” or “ —” mark, depending on
preferences for tetrahedral site occupation by cations: “ +” means that the
cation concentration increases during the order—disorder phase transformation,
while “ —” means that it decreases.

Acars Acpz Accsy
1 - — + Acpzy <Accsy
2 + — + Acpzy > Acesy
3 — + — Acpzy > Acess
4 + + - Acpsy < Acesy
5 + — — Acp3< >Accsy
6 — + + Acpz < >Accsy

site occupancy number. The order—disorder transformation
run bidirectional: Fe** cations move to octahedral sites, and
AI** cations move in the opposite direction, occupying the tet-
rahedral sites (cases 3 and 4 from Table I). Therefore, depend-
ing on the value of Acpz, and Accs,, there are two possible
solutions. In this spinel, Acapz; > Acpesy, as a result of
which the Mg®* cations move into octahedral coordination
sites (case 3 from Table I). The form of equations determining
a change in the degree of inversion AX will be the same as for
Eqgs (9) and (10). The degree of inversion, X, in this example
will be determined by Eqs (13) and (14).

Xo=cpr+ccr (13)

or
Xo=2—cpmu—ccm (14)

The fact that the equations for calculating X, and AX from
tetrahedral sites 7O and octahedral sites MO are equivalent,
the results obtained from them should be consistent. The
method for determining the degree of spinel inversion adopted
in the work turned out to be very sensitive to the cation—anion
distances, r; 1o and r; 50, adopted in the calculations. Table II
contains a comparison of literature values of cation—anion dis-
tances in spinel with the values used for calculations in the
presented work. Owing to the fact that the calculations were
based on the values presented in Table II, r; 70 and r; 0, it
was possible to obtain consistent results for the degree of in-
version calculated from the tetrahedral site 7" and octahedral
site M. The values r; 7o and r; 0 adopted for calculations
were each time similar to ones quoted in literature. Using
the values quoted by only one of the authors (Shannon,
1976; O’Neill and Navrotsky, 1983; Della Giusta et al.,
1996; Lavina et al., 2002; Henderson et al., 2007) causes dif-
ferences in the calculated degrees of inversion X for tetra- and
octahedral sites ranging from 5 to 10%. This poses a certain
problem in the evaluation of the obtained results’ correctness.
If tetrahedral sites are based only on calculations, the obtained
result might be understated or overstated by the above men-
tioned 5 and 10%. Therefore, performing calculations from
equations for both tetrahedral and octahedral coordination
simultaneously enables verification of the obtained results.

D. Uncertainty of the method

Uncertainty of determination of o, ATO(Ax), AMO(Ax),
AX, ca.1, Cams CB.T> CB.11> Xo, X values based on partial deriv-
atives calculation were carried out. As uncertainty of
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TABLE IL
cation type).

A comparison of the reference cation—anion distances in tetrahedral r; 7, with octahedral 7; 5,0 sites in spinels according to several authors (i denotes

Shannon (1976)  O’Neill and Navrotsky (1983)

Della Giusta et al. (1996)

Henderson ef al. (2007)  Lavina et al. (2002)  Adopted values

10 (A) in tetrahedral site

Mg** 1.95 1.935 1.965 1.94-1.98 1.966 1.940-1.942
Co™ 1.96 1.96 - 1.77-1.92 1.972 1.960

Ni** 1.93 1.945 1.974 1.80-1.85 1.94 1.960

Fe** 1.87 1.865 1.891 1.72-1.88 1.875 1.875

AP* 1.77 1.77 1.767 1.74-1.75 1.774 1.774

MO (A) in octahedral site

Mg** 2.10 2.09 2.095 2.07-2.09 2.082 2.080-2.095
Co** 2.125 2.10 - 2.00-2.07 2.11 2.110

Ni** 2.07 2.07 2.076 2.03-2.05 2.06 2.050

Fe* 2.025 2.025 2.020 1.94-2.01 2.025 2.025

AP* 1.915 1.91 1.909 1.90-1.91 1.908 1.909
TABLEIIIL.  Standard deviations S, of the parameters used for calculating the

uncertainty of the inversion degree determination.

Parameter S, variability range (min./max.)  Average value (S,)
aA) 0.00006-0.00030 0.0002

u 3 0.00013-0.00061 0.0003

TO, MO (A) 0.0010-0.0033 0.002

X, ccry com (at)* 0.0024-0.0096 0.006

dT (°C) ]

* Directly determined parameters from site occupancy numbers.
** Adopted value from technical documentation of high-temperature chamber
producer.

intermediate parameters needed for calculation, e.g. a, u,
TO, MO, X, cc.r, ccp the standard deviations S, reported
in result files of Rietveld refinement and distances calcula-
tion were used. As presented in Table III mean values
were calculated based on 66 results for each parameter (22
different spinels and three randomly chosen temperatures
for each spinel).

Comparison of values presented in Tables IIl and IV gives
important information about uncertainty of parameters deter-
mined directly from Rietveld refinement, e.g. X, ccr, ccm
(0.006) which are much more precisely determined than calcu-
lation based on cation—anion distances: ca.r, Cam» CBT> CBM

(0.022), and X (0.033).

lll. RESULTS AND DISCUSSION

Three spinel solid solutions: (Mg g5C0q 15)Al,Oy,
(Mg0_85Ni0_15)A1204, and Mg(A10.5F60V5)204 were tested in
this work. Each of them was MgAl,0Oy, solid solution contain-
ing Co®*, Ni**, or Fe** cations. Pure MgAl,O, spinel has a
partially inverted structure. In natural spinel ca. 20% of AI**
is located in tetrahedral sites (X =0.2). In synthetic MgAl,O4

TABLE IV. Uncertainty of the derived parameters calculated by the method
of partial derivatives.

Parameter Uncertainty (A)
a (107° 1/K) ; 0.9
ATO(Ax), AMO(Ax) (A) 0.004

AX, caz, cams Ca1> Cpm (at) 0.022

Xo (at.) 0.011

X (at.) 0.033
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spinel even 40% of AI’* can be located in tetrahedral sites
(X=0.4). In the presented work spinel solid solutions contain-
ing Co®*, Ni**, or Fe** also have AI’* initially located in tetra-
hedral sites. Table V presents initial structure parameters of
the tested spinels solid solutions: Mg gsC0q 15A1,04,
Mg0V85Ni0_15A12O4, and Mg(Feo_5A10.5)204 obtained at 25°C.
Table VI presents its initial degree of inversion Xy, inversion
temperature 7,, degree of inversion at 1100 °C, X199, and a
range of changes in the degree of inversion AX. Figures 1-3
present temperature dependences of all derived parameters
M(T), TO(T), MO(T), X(T), Cito> CiMO a(T), and Of(T) for
each investigated spinel solid solutions.

After the beginning of the order—disorder phase transfor-
mation (inversion), the concentration of AI’* cations in tetra-
hedral sites increases (Figures 1-3). Co*, according to its
preferences, up to the temperature at the beginning of the
order—disorder transformation (520 °C) was located only in
tetrahedral sites. Over this temperature ca. 3% of Co**
moves into octahedral sites (Figure 1). Ni**, also according
to its preferences, occupies both sites; approximately one-third
of the total number of cations was located in tetrahedral sites
and ca. 2/3 in octahedral sites. Ni** practically does not chan-
ge its position during the order—disorder phase transformation
(Figure 2). The order—disorder transformation in Mg
(AlysFeg5)>04 solid solution runs in both directions: from
the normal into the inverse structure, because of AI** direction
of movement (from octahedral into tetrahedral sites), and from
the inverse to the normal structure, because of Fe’* moving
from tetrahedral into octahedral sites. AI>* and Fe®* cations
have different preferences for tetrahedral and octahedral sites
occupation. The number of AI** cations changing their posi-
tions is prevailing (Acajz+ > Acpess). As a result, the degree
of inversion increases like in the transformation from the nor-
mal into the inverse structure.

At 500 °C Fe’* begins to move into octahedral sites, and
at a temperature of ca. 640°C AI’* starts moving into tetrahe-
dral sites. Up to the temperature of 1100 °C, the content of Fe**
in T site decreases from 47 to 40% at., whereas AI’" increases
from 3 to 18% at. Transformation from the normal to the in-
verse structure prevails owing to a larger number of AI** cations
changing their positions in the spinel lattice. Mg** relocations
are the results of Fe** and AI’* relocations. The resulting degree
of inversion at a temperature ranging from 25 to 1100 °C
changes from 51 to 58%, and corresponds to a difference of
the changes in Fe** and AI** contents in the tetrahedral site.
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TABLE V.

Initial structure parameters of Mg g5C0g.15A1,04, Mgg g5Nig.15A1,04, and Mg(Fe 5Aly 5)>04 spinels solid solutions at 25°C.

Structure of Mg g5C0p.15A1,04 spinel at 25°C space group (Fd3m) A

Ton Wyckoff X y z Fractional site D—-W factor Lattice Reliability
positions occupancy Biso (A% parameter ao (A) factors
Mg>* 0.573(5)
AP 8b 0.125 0.125 0.125 0.275(5) 1.57(8) R,2.93
Co** 0.152(5) 8.0659(1) Ry, 4.57
Mg>* 0.138(2) Rexp 176
AP 16¢c 0.5 0.5 0.5 0.863(2) 0.77(6) GoF 2.6
Co™ -0.001(2)
0>~ 32e 0.2610(2) 0.2610(2)  0.2610(2) 1.0 0.91(9)
Structure of Mg gsNig.15A1,04 spinel at 25°C space group (Fd3m) A
Ion Wyckoft positions X y z Fractional site D-W factor  Lattice Reliability factors
occupancy Biso A% parameter ag (A)
Mg** 0.536(5)
AP* 8b 0.125 0.125 0.125 0.410(5) 1.09(7) R, 5.63
Ni** 0.054(5) 8.0593(1) Ry, 9.05
Mg** 0.157(2) Rexp 224
AP* 16¢ 0.5 0.5 0.5 0.795(2) 0.89(5) GoF 4.0
Ni** 0.048(2)
0>~ 32e 0.2595(2) 0.2595(2)  0.2595(2) 1.0 1.05(8)
Structure of Mg(Feq sAly 5)>04 spinel at 25°C space group (Fd3m) A
Ion Wyckoff positions X y z Fractional site D-W factor  Lattice Reliability factors
occupancy Biso A% parameter a, A)
Mg+ 0.494(5)
AP* 8b 0.125 0.125 0.125 0.033(5) 0.47(11) R, 1.75
Fe** 0.473(5) 8.2292(2) Ry 2.37
Mg>* 0.256(2) Rexp 175
AP* 16¢c 0.5 0.5 0.5 0.481(2) 0.41(9) GoF 1.4
Fe* 0.263(2)
0>~ 32e 0.2589(2) 0.2589(2)  0.2589(2) 1.0 0.91(13)
At a temperature ranging from 600 to 640 °C a deviation IV. SUMMARY

is observed from the typical direction of movement of AI**. It
is also visible in the changes of T and M site occupancies by
Mg?*. Within this temperature range AI** moves in the same
direction as Fe>* (to octahedral voids). At temperatures ex-
ceeding 640°C AI** cations start moving in the direction op-
posite to that of Fe’* cations. In consequence, a fault is
visible on the graph of X(T') dependence within this tempera-
ture range. A similar effect at a temperature ranging from 550
to 650 °C has been observed in the investigations into Mg(Al,
Fe),0, solutions containing 14 and 20%at. of Fe** quoted in
works (Redfern et al., 1999; Martignago et al., 2006), where it
was explained by the phenomenon of relaxation reposition of
AI** cations, which aim for achieving the state of thermody-
namic equilibrium.

TABLE VI. Initial degree of inversion X, inversion temperature 7, degree
of inversion at 1100 °C, X;90, and a range of changes in the degree of
inversion in spinel solid solutions, AX.

Spinel solid solution Xo T, (°C) X1100 AX
(Mg.85C00.15)A1,04 0.29 520 0.48 0.19
(Mg .g5Nip.15)AL04 0.42 540 0.52 0.10
Mg(AlysFeq5),04 0.51 600 to 640 0.58 0.08
S108 Powder Diffr., Vol. 30, No. S1, June 2015
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The presented XRD method of determining cation distri-
bution vs. temperature in the structure of three-cation spinel
solid solutions gives valuable numerical data connected with
the preferences and concentration of particular cations in spi-
nel crystal lattice.

The method was based on Rietveld refinement routine and
two particular approaches:

* Determination of the occupation number in tetrahedral and
octahedral sites of a cation differing in its atomic scattering
factor from the other two cations;

* Determination of cation—anion distances in tetra- and octa-
hedral sites in spinel crystal lattice.

The advantage of the presented method is the possibility
of investigating the order—disorder transformation in spinel
solid solutions from the normal into the inverse structure as
well as from the inverse into the normal structure and in
both directions at the same time.

Another advantage is related to the general accessibility of
the method because of the widespread use of X-ray diffrac-
tometers in material testing laboratories.

The disadvantage of the method lies in the fact that its ap-
plication remains limited to three-cation spinels.
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